The role of loading rate and fluid properties in the fracture of piping under internal explosions is an important issue for designers and accident analysis. This was examined by fracture experiments on thin-walled and preflawed aluminum 6061-T6 tubes. The tubes were 1) statically loaded with oil, 2) statically loaded with nitrogen, and 3) dynamically loaded with gaseous detonations traveling at 2.4 km/s. The tubes were also instrumented with pressure transducers, crack detection gages, and strain gages. The experiments were controlled so that comparisons could be made on identical specimens. Fracture behavior was discussed along with fluid dynamics.
Introduction
This study is motivated by our interest in the analysis of pipe rupture in accidental explosions and the fracture-based design of explosion vessels. A key issue is the effect of loading rate on fracture threshold and fracture propagation. Fracture of a pipe due to an internal detonation wave also represents a particularly challenging type of fluid-structure interaction that has been relatively unexplored. Tubes under internal static loading were studied extensively, especially for gas transmission pipelines. Examples of work done Figure 2 shows a schematic of the experimental setup for the detonation loading. The assembly was aligned and bolted to aluminum plates, which were bolted to a plywood table. The setup consisted of a thick-walled detonation tube connected to the specimen tube by a flange. The tubes were sealed at one end by a flange containing the spark plug, and the other end by a Mylar diaphragm. Inside the detonation tube, a spark first created a flame, which then transitioned to a detonation wave after being accelerated through a Shchelkin spiral. The detonation wave propagated into the specimen tube. The Mylar diaphragm is burst by the detonation so that the effects of a reflected shock wave were minimized. Pressure transducers mounted on the detonation tube measured the pressure profile and wave speeds.
Detonation Tube Assembly
For the gaseous nitrogen and hydraulic oil loading experiments, the specimen tube was connected to the same flanges used in the detonation experiments. The ends of the flanges were capped, threaded rods and nuts were used to counter the resulting hydrostatic axial force, and the assembly was fixed vertically rather than clamped down on a table.
Instrumentation
The velocity and pressure of the detonation wave were measured by PCB piezo-electric pressure transducers.
The pressure transducers were mounted 0.406 m apart in the detonation tube.
Micro-Measurements strain gages and crack detection gages were bonded to the external surface of the tubes to measure circumferential strain and crack arrival times, respectively. Dow Corning 3145 RTV was used to protect the leads from premature destruction due to the blast wave. The Trig-Tek amplifiers that amplified the signals from the Wheatstone bridges had a bandwidth of 100 kHz.
In the detonation experiment, the spark and data acquisition system was triggered by a Stanford Research Systems digital pulse generator. The pressure traces, strain history, and crack arrival times were digitized with Tektronix oscilloscopes. The detonation experiment was recorded at a rate of 2.5 megasample per second, while the gaseous nitrogen and hydraulic oil experiments were recorded at a rate of 1 megasample PVT-03- 1045 3 Shepherd per second. The data were transferred into a computer through a LabVIEW program.
In the gaseous nitrogen and hydraulic oil experiments, one of the crack detection gages was placed close to the surface notch tip to trigger the data acquisition system. The pressure was recorded with an Omega PX4100-3KGV pressure transducer attached to one of the endcaps.
In the gaseous nitrogen experiment, nitrogen was supplied to the tube assembly from a liquid nitrogen tank via a pressure regulator and an electro-pneumatic valve. The pressure was slowly increased by turning a lever on the regulator. Upon rupture, the electro-pneumatic valve was closed by a manual switch.
In the hydraulic oil experiment, an SFX PowerTeam handpump was used to pressurize the tube assembly with SFX PowerTeam no. 9638 hydraulic oil.
Results and Discussion

Pressure Loading
For the detonation experiment, the mixture was stoichiometric ethylene-oxygen (C 2 H 4 +3O 2 ) at an initial pressure of 1.8 atm and room temperature. The pressure peak recorded by the pressure transducer is not reliable due to noise, the three-dimensional structure of the detonation wave front, and the finite size of the pressure transducer. For this reason, computed values of the Chapman-Jouguet (CJ) pressure were used to characterize the detonation. The calculated [16] CJ pressure and wave speed are 6.2 MPa and 2390 m/s.
The detonation pressure history recorded on the pressure transducer closest to the flange is shown in Fig. 3 . This is a typical gaseous detonation pressure trace with the initial CJ point (around 0.6 ms) coinciding with the shock front, immediately followed by a Taylor expansion wave. After the end of the Taylor expansion, there is a short plateau (1.2 to 1.6 ms) followed by the expansion wave that came from the rupture and the open end of the tube. The detonation wave speeds were measured just before entering the specimen tube and are typically within 5% of the computed values.
The burst pressures of the gaseous nitrogen experiment (5.5 MPa) and hydraulic oil experiment (6.0 MPa, see Fig. 3 ) were slightly lower than the CJ pressure of the detonation experiment. However, loading and unloading rates were quite different in the three cases. The pressure was increased very slowly in the static PVT-03-1045 4 Shepherd tests and the loading rate was zero for all practical purposes in the nitrogen and hydraulic oil experiments.
The pressure transducer used in the nitrogen and hydraulic oil experiments was too slow (response time of 10 ms) to capture the initial fast pressure transients during rupture (the original intention being only to capture the burst pressure). However, one can still get a rough idea of the depressurization rate. In the hydraulic experiment, it took about 15 ms to drop to about 3 MPa, while in the nitrogen experiment, it took as long as about 25 ms. In the detonation experiment, the loading is essentially complete after a few µs, and the unloading occurs in two stages. Immediately following the detonation, it took only about 0.4 ms for pressure to drop from 6 MPa to 2 MPa and then a slower decay occurs over the next 5 ms. Note that these three pressure traces were recorded at different locations with very different gages so that the comparison is only qualitative.
Fracture Behavior as a Function of Loading
As can be seen in the post-test specimens in In Fig. 5 , the detonation wave traveled from left to right. As the wave propagated past the surface notch, the hoop stress opened the notch into a through-wall crack. Two crack fronts then propagated-one in the forward direction (i.e., same direction as the detonation wave) and one in the backward direction (i.e., in the opposite direction of the detonation wave). We will refer to these two crack fronts simply as the "forward"
and "backward" cracks. Both the forward and backward cracks propagated straight for some distance, then turned, ran helically around the tube, and were arrested.
Under initially static gaseous loading with nitrogen, the cracks ran straight and did not arrest until they propagated to the supports (Fig. 6 ). Both cracks began to turn as they approached the supports.
In the experiment with hydraulic oil, the cracks were arrested almost immediately after they left the notch (Fig. 4) . The cracks were so short that they did not run past enough crack detection gages for crack arrival time measurements. This behavior is relatively benign and in stark contrast to the extensive fractures observed with the static nitrogen or detonation tests. These observations support the standard practice [17] of hydrostatic pressure testing using liquids as opposed to pneumatic testing using gases.
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Fractographs
Light microscope pictures of fracture surfaces were taken and some of these are shown for detonation and nitrogen experiments in Figs. 5 and 6, respectively. The magnification was 30X with a Leica GZ4 light microscope which was coupled to a Nikon Coolpix 990 digital camera. The natural scale in these photos is the wall thickness of the tubes, which is 0.89 mm.
Two types of fractographs can be discerned in the detonation experiment shown in Fig. 5 . Both the forward and backward cracks first propagated straight for some distance, turned helically, and were arrested.
Arrows next to the fractographs indicate the direction of propagation for the detonation waves and the cracks. The approximate locations on the tube where these fractographs were taken and the location of the initial notch are also shown.
The first type is shown in Fig. 5 (a) and (b). These fracture surfaces are along the straight portion of the cracks. They are relatively rough because 1) they were caused by the predominantly mode-I (opening mode) fracture and 2) the specimen was ductile, being above its transition temperature. Since the wall was thin, the fracture surfaces were, in general, slanted at 45 degrees to the specimen's surfaces and were composed almost entirely of shear lips. This is generally known as the 'thickness effect' in fracture mechanics [18] .
The second type, less frequently reported in the literature, is shown in Fig. 5 (e) and (f). These fracture surfaces are along the curved portion of the cracks. They are relatively smoother than the fracture surfaces of the straight portion of cracks. The cracks have turned helically along the tube, and the fracture was predominantly mode-III (tearing mode) due to the large outward dynamic motion of the flaps. On some fracture surfaces, shallow striations that are almost perpendicular to the crack path can be seen, such as those in Fig. 5 (e) and (f).
The fracture surfaces of the gaseous nitrogen experiment are less distinctive from one another because the fracture mode stayed the same throughout the course of crack propagation. Nonetheless, the fracture surfaces farther from the notch tend to be somewhat smoother than those near the notch.
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Strain Response Figure 7 show the strain response of the specimen tubes within one or two milliseconds of rupture. In the detonation and gaseous nitrogen experiments, the strain gages and crack gages were located at the straight portions of the propagating cracks. The average crack speeds calculated from arrival times between consecutive crack gages are plotted in Fig. 9 . The strain rates ranged typically from 10 2 s −1 to 10 3 s −1 .
The initial hoop strain patterns of the gaseous nitrogen and hydraulic oil experiments are qualitatively similar. They are on different time scales, but the strain histories of corresponding gages in the two experiments are generally of the same shape. In both plots, all strains start near the burst pressure. The initial drop in strain results from both the depressurization of the fluid and the motion of the flaps of material created by the propagating crack. The flaps fold outward and are hinged about the crack front; this motion compresses the material ahead of the crack. This hinge effect causes a drop in strain at a distance ahead of the crack and is common in flat-plate mode-I fracture. Since SG2 and SG3 were closer to the notch, as the cracks ran by, the crack tip stress concentrations along with the significant residual internal pressure caused sharp strain peaks. SG1 and SG4 were further from the notch, and one does not see such high strain peaks because the internal pressure had already been relieved quite significantly. Another point of interest is that although SG2 and SG3 in the hydraulic oil experiment are schematically symmetric about the notch, their signals look dissimilar because their actual locations were not symmetric about the notch.
"Static" Loading versus "Dynamic" Loading
The first important difference is the magnitude of the initial strain. The initial strain of the nitrogen and oil experiments is about 0.2%, equal to the static cylindrical shell prediction using the burst pressure. The magnitude of the first strain cycle (uncontaminated by stress concentrations because crack has not yet arrived) of the detonation experiment is about 0.3%, giving a dynamic amplification factor (ratio of dynamic strain to static prediction) of 1.5 using the CJ pressure. The traveling detonation load caused stresses and strains higher than static predictions. The steady-state [8] model predicts a dynamic amplification factor of 2 for the present situation. An extensive discussion of dynamic amplification factors as a function of detonation loading can be found in [14] . In that study, it was shown that the length of the tube and the location of PVT-03-1045 7 Shepherd flanges can have a significant effect on the actual values of the amplification factor. If the amplification factor must be known exactly, then either detailed measurements or finite-element simulations are necessary.
The second important difference is the fatigue-like, oscillatory nature of the strain response caused by detonation load that is not observed in the static load cases. The first two or three cycles of strain that are
shown by the strain gages on Fig. 7a show typical elastic strains of flexural waves excited by a detonation wave that traveled between the first two critical wave speeds of the structure. While the reader is referred to [14] and [15] for a more detailed discussion of detonation-induced flexural waves in tubes, several points are worth mentioning here. First, the strain front coincides with the detonation wave front. Second, the frequencies of the strains correspond closely to Tang's [8] theoretical steady-state frequency, which is 39 kHz for this tube. Third, since the flexural waves were dispersive and the detonation wave was traveling above the first critical wave speed, precursor waves at frequencies over 1 MHz would travel ahead of the strain signals associated with the main flexural wave. The reasons that they are invisible are that 1) they are of small amplitude compared to the main signal, and 2) the amplifiers, having a bandwidth of 100 kHz, attenuated the high frequency precursors.
The third important difference is that the loading and unloading have a preferred direction in the detonation case. The detonation propagates along the tube, creating a spatially-dependent stress field in the tube, sweeping over the notch, and setting up a flow field behind the wave. The crack initiation process will be asymmetric due to the interaction of the elastic waves created by the detonation passing over the notch and the strain field created by the fracture process itself. The expansion waves in the detonation interact with the flow field so that the subsequent stress field in the tube will be different upstream and downstream of the notch. This asymmetry will be reflected in an asymmetric fracture process. The results are the higher stresses and higher stress intensity factors associated with the forward crack. This is evidenced in the consistently higher crack speeds of the forward crack than those of the backward crack (Fig. 9a) . The asymmetry was also demonstrated in a related study [15] on the fracture behavior as a function of initial flaw length using similar specimens. For short initial flaws, both the forward and backward cracks propagated helically without bifurcation. When the initial flaw size was increased, the forward crack bifurcated while a single backward crack propagated helically. This case was shown to be repeatable and was another indication of PVT-03-1045 8 Shepherd a higher stress intensity factor at the forward crack tip due to the asymmetry of the loading. For very long initial flaws, both cracks bifurcated.
Crack Speeds
Crack speeds deduced from crack arrival times for the gaseous nitrogen loading fluctuated between 200 to 400 m/s, while those of detonation loading fluctuated between 170 to 250 m/s (Fig. 9) . The error bars show upper and lower bounds. Crack speeds for hydraulic oil loading were not measured because the cracks were arrested before reaching the crack gage locations. From the measured crack speeds, it appears that the gaseous nitrogen loading provided a slightly larger crack driving force than the detonation loading. In the nitrogen case, the tube was prestressed everywhere when rupture occurred and the stress state decayed slowly in comparison to the fracture propagation time. A 200 m/s crack tip would propagate 0.3 m from the notch to the tube end in 1.5 ms, and the pressure decays a neglible amount during this time (Fig. 3) . In the detonation case, only the portion of the tube behind the detonation wave was loaded and the pressure decays substantially during the time the crack tips propagate towards the ends of the tube (Fig. 3) . Figure 8 shows plots of crack and detonation trajectories in x-t diagrams. The detonation trajectories were predicted assuming that the fracture process did not affect the detonation velocity. The detonation wave speeds were obtained from the detonation front arrival times at the pressure transducers in the detonation tube, and then extrapolating the detonation trajectory into the specimen tube. Table 1 : Properties of the fluids used for loading. Detonation products are evaluated at CJ state. Nitrogen is evaluated at burst pressure of 5.5 MPa and room temperature. Since the sound speed of the hydraulic oil was not available from the manufacturer, it was measured in our laboratory.
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Effect of Fluid Properties
The differences in observed fracture behavior are quite striking and most apparent when comparing the hydraulic oil loading with either of the two gas loading cases. This immediately suggests that the large difference in physical properties of gases and liquids is responsible for the differences in fracture behavior.
The properties of greatest interest are specific volume v and sound speed c, which can be combined to form the isentropic compressibility
Values of these properties have been estimated for all three fluids used in present experiments and are given in Table 1 . Inspection of these values indicates a two-order-of-magnitude difference between the gas and liquid compressibility. As shown below, the main consequence of this is that a much larger (three orders of magnitude) amount of energy can be stored at the same pressure in the compressed gases or detonation products than in the hydraulic oil. A secondary factor is that the crack speeds are comparable to the sound speeds in the nitrogen case but a factor of 5 lower than the sound speed in the detonation products.
We have identified three principle physical processes associated with the fluid-structure interaction that will influence the fracture process. First, the pressure will begin to drop in the tube once a thru-crack has developed and fluid begins venting out of the crack opening. This will reduce the pressure in the vicinity of the crack, lowering the hoop stress in the tube and reducing the crack driving force. Second, the local reduction in pressure due to the fluid venting will propagate through the fluid as an expansion wave, the head of this wave moving at the sound speed in the static fluid and with the sum of sound and flow velocities in the moving fluid. This will reduce hoop stress near or ahead of the crack tip, reducing the crack driving force. Third, the fluid does work through plastic deformation and acceleration of the "flaps" of material created by the fracture process. The amount of work that can be done is limited by the amount of energy initially stored in the fluid. This energy can be estimated from thermodynamic principles and compared to the elastic energy in the tube as well as the energy required to create new fracture surfaces. Brief explorations of each of these issues are given in the subsequent sections.
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Venting
For a small (isentropic) change in specific volume ∆v, the pressure drop ∆P is
Inspection of the values in Table 1 indicates that the liquid will depressurize much more rapidly than the gases, causing the hoop stress near the original notch to rapidly decrease once the fluid starts to vent. For example, venting 0.5% of the original volume of the hydraulic oil is sufficient to drop the average pressure in the tube from 6 MPa to zero. On the other hand, venting a similar amount from the compressed nitrogen reduces the pressure only by 38 kPa, a factor of 10 2 less.
Expansion Waves
Expansion waves generated by the venting of fluid out of the crack opening will travel fastest in the detonation products and hydraulic oil and slowest in the nitrogen ( Table 1 ). The situation is complex in the detonation case because the fluid is moving behind the detonation wave, creating a spatially nonuniform pressure field [14] . However, it is clear from the measured crack propagation speeds that the expansion waves travel 5 times faster than the crack tips and the detonation wave travels 10 times faster than the crack tips.
This means that the expansion waves travel faster than the crack tips in both the hydraulic oil and the detonation cases. This will result in a decrease in the hoop stress and decreasing crack driving force as the crack tip grows. This is one factor that causes the cracks in the detonation case to arrest early rather than propagate to the end of the tube as observed in the nitrogen case. In the nitrogen loading case, the expansion waves travel at a speed comparable to the crack tip. This suggests that the stress field ahead of the crack will be relatively unaffected by the expansion wave until the cracks arrive at the tube ends.
Energy Storage
Internal pressurization of the tubes is associated with stored energy due to the compressibility of the fluid and the elastic nature of the tube material. This stored energy will be converted into kinetic energy and 
+∆E f racture + ∆E dissipated .
A similar energy balance was considered by other researchers [5, 19] . One of the main differences between the present study and the other two studies is the energy associated with the fluid. While the other two considered only the part of fluid energy which does work on the fracturing pipe by assuming a pressure decay profile and a flap displacement pattern, the present study considers maximum energy that is stored in the fluid from a thermodynamic point of view. The energy balance above represents a total energy approach and is different from those that aim to derive the crack driving force [18, 20] .
The terms on the left hand side account for the elastic strain energy stored relative to the reference configuration of the tube and fluid at atmospheric pressure. The terms on the right include kinetic energy of the tube, energy for large scale plastic deformation of the flaps, energy required for the fracture process, and dissipation due to heat transfer, etc., after rupture. Only a few of these terms will be estimated in this study.
Thermodynamic considerations can be used to provide upper bounds for stored energy in the fluid. For nitrogen, a perfect gas model P v = RT can be used and the stored energy estimated by considering isentropic expansion from the initial state (1) to the final state (2) at the pressure of the surrounding atmosphere ∆s = c p ln
The compressibility varies inversely with pressure for an ideal gas
and this has to be taken into account when computing the stored energy for a gas. The simplest way to do PVT-03-1045 12 Shepherd that is to use the first law of thermodynamics and evaluate the work done as the change in internal energy during the expansion from state 2 to 1
with T 2 computed from Eq. (4). The energy change per unit mass during isentropic expansion of gaseous nitrogen is then
A similar computation can be carried out for the high-pressure, hot gases behind the detonation wave, taking into account the kinetic energy in the products [21] .
The stored energy in the hydraulic oil can be computed from the first law of thermodynamics to be
Since the volume change of the liquid is quite small for the pressures we are considering, it is easier to work with the pressure and write this as
This can be simplified by assuming that the compressibility is constant so that by using the definition of K s (Eq. (1)) and integrating to obtain the volume dependence on pressure
Expanding in powers of the argument, we have
PVT-03-1045 13 Shepherd
Retaining only the first term in this expansion, we can carry out the integration in Eq. (9) to obtain ∆u elastic oil
For comparison, it is better to work on a unit volume basis since the tubes contain a fixed volume of fluid.
For the gaseous nitrogen, this will be
The Fickett-Jacobs thermodynamic cycle computation [21, 22] for C 2 H 4 +3O 2 detonation products yields
For the hydraulic oil, this will be
In these calculations, it was assumed that γ = 1.4, P 1 = 6 MPa, and P 2 = 0.1 MPa. The energy stored in the gaseous nitrogen per unit volume is 10 3 times larger than that of the oil.
The elastic energy stored in the tube can be estimated by assuming that the extensions were all in the radial direction. This is a reasonable approximation for most of the tube since the ends were a slip-fit into the flanges, and the pressure on the endplates was balanced by threaded rods. If the hoop stress was the only principal stress, the elastic energy stored per unit volume in the solid before rupture is
where ∆P = P 1 -P 2 . The rate at which the tube's elastic energy is released during fracture requires an analysis based on the equations of motion and computation of the energy flux into the crack tip. Lacking this, as a first estimate, we will assume that all the elastic energy in a ring of material with volume (2πRh∆a)
PVT-03-1045 14 Shepherd behind the crack tip is released during crack propagation. On this basis, the rate of elastic energy released per unit crack advance is
for ∆P = 6 MPa. From a fracture mechanics point of view [23] , only a fraction of this energy will be used to create fracture surface because there are many other mechanisms for absorbing the stored energy in the fluid and tube. The energy requirement related to crack resistance (per unit crack advance) is
where G c is the fracture propagation toughness. Physically, this means that for fracture to occur, the rate of energy flow into the crack tip must be equal to or greater than the fracture propagation toughness.
Although G c was not measured for this study, it can be estimated [23] from the mode-I critical stress intensity of Al6061-T6
The energy approximations above are summarized in Table 2 . The energy stored in the fluid has been converted to energy per unit tube length to allow a more meaningful comparison with the elastic energy and fracture energy. It is clear that from energy considerations, the cracks were significantly shorter for oil loading than nitrogen loading because for the nearly incompressible liquid, a modest amount of stored energy was available to be converted to energy for driving a crack. For the very compressible gases, the stored energy was much larger, by a factor of 10 3 , and ample energy was available to create fracture surfaces.
Conclusion
The was highlighted. The striking difference between the results of tests with hydraulic oil and high-pressure gases can be explained in terms of stored energy in the fluid relative to the energy required for fracture surface generation. The initial stress state was an important factor in comparing the nitrogen and detonation cases.
A secondary role of sound speed in determining expansion wave propagation was identified as probably being responsible for the observed differences between nitrogen and detonation products. Fluid compressibility is also a significant factor in the venting process that determines the pressure history once the crack begins to open. 
